Abstract. On November 22-23, 1997, a geomagnetic storm occurred during a period of excellent viewing conditions over the Arecibo Observatory in Puerto Rico. Here we explore the total electron content (TEC) registered by Global Positioning System (GPS) receivers located close to the Cornell All-Sky Imager (CASI) at the Arecibo Observatory. The storm began with the equatorward surge of a very high (100% increase) TEC enhancement stretching for many hours of local time on the dayside. At dusk the TEC over the Caribbean remained elevated with levels equal to the noontime monthly averages. During the event the TEC was highly structured and clearly correlated with high and low airglow emission levels. In one fortuitous instance a common ionospheric penetration point (15 km apart), shared by two GPS satellites viewed from two receiving stations, registered an 8 TEC unit difference during the active period. We show that a GPS station can be calibrated using the pseudorange method and a reliable data-driven technique during quiet conditions and still have absolute TEC capability within 2 TEC units (RMS) 5 days later. We compare the observations to a climatological model which, although reasonable for quiet times, is very poor during the storm period. We also present an independent evaluation of the GPS TEC. This study is an initial step toward quality control of this database, needed before it is used in an assimilation model.
Introduction
One goal of the space science community is to build data assimilative models for the ionosphere similar to those used to forecast meteorological conditions. A key element for such models is almost certainly going to be data from the Global Positioning System 
GPS Technique Description and Validation
Since our primary goal is to study the spatial and temporal variability of the TEC, we sought to develop a simple technique that would permit absolute TEC determination from several sites with high time resolution. We used the pseudorange technique as discussed by Lanyi and Roth [1988] to accomplish this goal, which was then enhanced by using the
global ionospheric mapping (GIM) technique developed at the Jet Propulsion Laboratory (JPL). The
GIM technique was used to remove the biases inherent in GPS TEC calculations. Once the biases were determined during a quiet period for a given satellitereceiver pair, we hypothesized that they would be valid over the subsequent storm period. Such a method has considerable potential for space weather applications related to G PS model performance during severe conditions as well as for other applications requiring highly resolved temporal and spatial TEC data. For the spatial studies we concentrate on two The Global Positioning System, when used with dual-frequency receivers, has been known for quite some time to make very accurate relative TEC measurements. There is, however, quite a bit of controversy over the best way to extract absolute values. In this paper, we have chosen what we will call the pseudorange technique [Lanyi and Roth, 1988] , which is summarized next.
Because of the dispersive nature of the ionosphere the two L band radio signals transmitted by each GPS satellite (L1 at 1.5754 GHz and L2 at 1.2276 GHz) are delayed by different amounts as they propagate from the satellite to the receiver. These delays show up as a difference in the pseudorange and phase information, both of which are determined by a dual-frequency receiver. The pseudorange information obtained from the signal delay has the advantage of giving an absolute TEC value. However, these values are strongly influenced by multipath and system noise, resulting in extremely noisy TEC calculations. Using phase information obtained from the signal phase advance yields a much cleaner TEC measurement but loses the absolute value because of integer cycle ambiguities in phase, which are fundamental to oscillators, including the ones used in GPS satellites and receivers. By setting the mean of the TEC calculated with phase information to the mean of the TEC calculated with pseudorange information, we can combine the accuracy of the phase measurements with the absolute values of the pseudorange measurements. To minimize the effects of multipath in the pseudorange measurements (which may have nonzero mean), we do not use any part of the satellite pass that falls below 25 ø elevation in the offset determination.
This procedure leaves two errors in our TEC estimation, both of which are due to the hardware. These errors are caused by a differential delay between the two GPS frequencies in both the receiver and satellite hardware. The resulting biases must be removed if absolute TEC measurements are to be made accurately. We can model the raw, line-of-sight TEC as TECp = TEClos + br + bi,
where TECp is the TEC obtained using the pseudorange technique detailed above; TEClos is the actual, unbiased line-of-sight TEC; br is the receiver bias, and bi is the satellite bias (each of the 27 GPS satellites has its own bias). Both the TEC and biases are measured in TEC units (1 TECU -1016e/m2). is only dependent on the receiver hardware. Consequently, the resulting nighttime differences (one for each satellite) are averaged to give our "best guess" difference between receiver biases. For this data set we find this difference to be-7.5 TECU.
The November 25 has a pronounced north-south gradient and a larger local time dependence than the days before the storm event. November 28 has no Isabela data, so it is excluded from this discussion.
We conclude that small TEC differences at the times corresponding to the vertical line simply correspond to small changes of the TEC when viewed from different locations because of either temporal or spatial variations. An incorrect choice of penetration altitude could also contribute to the small differences.
November 23 is remarkable for a variety of reasons. Notice in particular that the absolute TEC is much higher than during the other days and is extremely variable. In fact, the variations are larger than the absolute TEC on the other days. Clearly, a major space weather event is occurring. At the time of the vertical line the absolute TEC differed by 8 units when at most it should have been 1 or 2 units, on the basis of the other days presented here. Huge variations in TEC thus occur on midlatitude paths with the same ionospheric penetration point but different receiver viewpoints separated by only a few hundred kilometers. Conversely, as discussed in more detail below, different satellites viewed from the same location will be affected by quite different TEC along the line-of-sight paths, even when corrected for slant differences, as done in Figure 1 . It is interesting to note that the average absolute TEC between 0000 and 0030 UT for satellite 15 is very nearly the same as that for satellite 19 around 0300-0400 UT. In both cases the lines-of-sight are well to the south of Puerto Rico. These regions are structured at the level of 3-5 TEC units (peak to peak) but do not have the huge variations seen nearer to the center of the plots.
We wish to further emphasize the robust nature of the receiver-satellite pairs when normalized on a quiet day. Even after 5 days, the absolute TEC for these two different satellites, viewed from two different receivers, is in clear and remarkable agreement.
To explore this result in more detail, we look at a subset of six satellites seen from the St. Croix site.
Again, we use November 20 as our calibration day to obtain the biases for each satellite. We keep these biases unchanged for both the storm night (November 22-23) and a calm night following the storm (November 24-25). As stated before, our hypothesis is that the biases obtained on the previous calm day should remain the same for subsequent days. Our results on the calm day at the end of the period should be in reasonable agreement with an independent application of the GIM technique on that day. By looking at the storm night we will be able to evaluate how the GIM technique handles periods with extreme TEC fluctuations and ionospheric gradients. we show the differences between our TEC, found by keeping the same biases calculated for November 20, and the TEC found using the GIM technique created independently for the quiet night of November 24-25.
We see that the biases remain almost identical. In two of the five satellites we see differences of less than I TECU, with the other three within 2 TEC units.
It seems that we can use the biases calculated on a quiet day fairly confidently for several days. 
GPS TEC Data-Model Comparison
Before any data stream can be assimilated, it is critical that a data quality evaluation be made. We have undertaken initial steps to evaluate the quality of the calibrated GPS TEC data from the St. Croix site during this time period. All data used were slant path data. As already noted, the 2 earlier days were from a very quiet period prior to a major storm beginning on November 22. Figure 3 highlights this temporal geomagnetic variability.
The task of quality controlling these data is complex. Ground truth data, such as those from the Arecibo incoherent scatter radar (ISR), do not necessarily follow the same slant paths and are not available for these nights, so these data cannot be used as a reference. In addition, at least 3 days (November 22, 23, and 24) are contaminated by active geophysical conditions. On the quiet days, however, one would expect to see a degree of repeatability and, perhaps, agreement with the general trends of a climatological model, such as diurnal variation and local spatial gradients. For this study, we have used 
Summary
In this paper, we use GPS satellites to document remarkable variations of the total electron content in the ionosphere-plasmasphere during a period of high magnetic activity. The noontime TEC was double that at noon the previous day. By midafternoon, the activity had decreased, but it rebounded again near sunset. That night, the average TEC remained very high, at a level more typical of daytime than of nighttime values. From a technical standpoint we show that it is quite feasible to calibrate satellite-receiver pairs using data from the GIM technique on a quiet day and to have the calibration hold to within 2 TEC units (RMS) for several days. This allows for reliable study of mesoscale structures during active periods without dependence on modeling during severe weather, which seems to be more difficult than quiet day modeling. A fortuitous satellite-receiver pair combination allowed us to investigate a common ionosphere penetration point each day during the whole period. The agreement was quite good, except for the active day when the vertical TEC differed by 8 TEC units. The airglow data show that high TEC values corresponded to look angles through very bright airglow patches. In general, the bright (dark) airglow regions corresponded to high (low) TEC. This result is actually important since it implies that dynamical variations dominate the airglow patterns, not chemical changes.
In this study, we have not only seen how robust the GPS calibration procedures are during disturbed periods but also independently evaluated the quality of this calibration as a precursor to using such data in assimilation models. The results of this study identified at least three satellites in the database that appear to deviate significantly from the others. A diurnal modulation in the calibration appears systematically on each quiet day when referenced to the IRI slant path TECs. For the purpose of incorporating these data into models it must be determined whether the three apparently anomalous satellites are, in fact, anomalous. In addition, it must be determined whether the diurnal modulation is simply an artifact of comparing the data to IRI or a calibration issue. However, both of these effects are of lower order to the extensive storm information obtained by GPS slant TEC from only two ground stations.
Other remarkable aspects of these data are the enormous range of TEC values registered by a receiver looking at many satellites and the differences registered by two nearby receivers looking at the same ionospheric penetration point. The simultaneous airglow data reveal unexpected and collocated airglow variations of great complexity.
